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a b s t r a c t
Thermoplastic starch (TPS) was modiﬁed with ascorbic acid and citric acid by melt processing of native
starch with glycerol as plasticizer in an intensive batch mixer at 160 ◦C. It was found that the molar mass
decreases with acid content and processing time causing the reduction in melting temperature (Tm). Asccepted 29 September 2010
eywords:
observed by the results of X-ray diffraction and DSC measurements, crystallinity was not changed by
the reaction with organic acids. Tm depression with falling molar mass was interpreted on the basis of
the effect of concentration of end-chain units, which act as diluents. FTIR did not show any appreciable
change in starch chemical compositions, leading to the conclusion that the main changes observed were
in m
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chanhermoplastic starch
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. Introduction
Thermoplastic starch (TPS) is one of the most promising bio-
ased materials available for biodegradable plastic production.
ts importance is growing in face of the environmental problems
aused by petrochemical synthetic polymers and to the expected
ise in the cost of petroleum-based materials. However, TPS suffers
rom several limitations, such as poor mechanical properties and
ater sensitivity and much research has been published on this
ubject (Averous, 2004; Bastioli, 1998; Carvalho et al., 2003, 2005;
aRózet al., 2006;Deanet al., 2008; Jiugaoet al., 2005;Mathewand
ufresne, 2002; Roper andKoch, 1990; Sarazin et al., 2008; Teixeira
t al., 2005). Chemical modiﬁcation of TPS by reactive extrusion
ith organic acids such as ascorbic acid (AA) (Carvalho et al., 2005)
nd citric acid (CA) (Carvalho et al., 2005;Ma et al., 2009;Ning et al.,
007a, 2007b, 2007c, 2009; Shi et al., 2007, 2008) have been suc-
essfully used to produce TPS with modiﬁed properties. This kind
f chemical modiﬁcation is very attractive, because it can be per-
ormed by a continuous solvent-free method making this a green
rocess. TPS modiﬁcation by citric acid has been successfully used
o inhibit starch re-crystallization (i.e. retrogradation) (Jiugao et
l., 2005), improve the plasticization process and to increase the
ompatibility between TPS and other polymers, such as for exam-
le poly(lactic acid) (PLA) (Ning et al., 2007a, 2007b). However, the
ain effect of processing TPS in the presence of organic acid is the
∗ Corresponding author. Tel.: +55 16 3373 8672; fax: +55 16 3373 9590.
E-mail address: toni@sc.usp.br (A.J.F. Carvalho).
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Open access under the Elsevier OA license.olar mass of the material. We demonstrated that it is possible to decrease
ed for more plasticizer thus avoiding side-effects such as an increase in
ges in the dynamic mechanical properties.
© 2010 Elsevier B.V. 
controlled reduction of its molar mass which can be used to change
its properties, such as the glass transition temperature (Tg), crys-
talline melting point (Tm) and melt viscosity. After processing, the
organic acid can be neutralized, leading to a stable composition.
In a previous study (Carvalho et al., 2005), we reported on TPS
melt processing in the presence of glycerol, ascorbic acid and citric
acid, carried out to promote the chemical modiﬁcation of starch,
generating new materials, differing from the standard glycerol-
plasticized TPS. The results showed that the use of non-volatile
and non-toxic acids as catalysts provides the additional advantages
of health safety and food compatibility. To the best of our knowl-
edge, only our work has described the use of ascorbic acid for TPS
modiﬁcation, although this is an interesting option because of its
non-toxicity and the possibility of its use in active food packaging
material, due to its antioxidant properties.
In this paper we report a study of citric acid (CA) and ascorbic
acid (AA) modiﬁed TPS, by high-performance size exclusion chro-
matography (HPSEC), dynamic-mechanical analysis (DMA), X-ray
diffraction (XDR), differential scanning calorimetry (DSC), water
absorption (WA) and infrared spectroscopy (FTIR). The behavior
of the glass transition temperature (Tg), determined by DMA and
crystalline melting point (Tm) were correlated with the molar mass
of the processed starch.
Open access under the Elsevier OA license.2. Materials and methods
2.1. Materials
Regular native cornstarch containing 28% amylose and 11%
moisture (Amidex 3001) was obtained from Corn Products Brazil.
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Fig. 1. Chemical structures of (a) ascorbic acid and (b) citric acid.
eagent grade ascorbic acid, citric acid, glycerol and stearic acid
ere used as received. The chemical structures of the organic acids
sed are presented in Fig. 1.
.2. Reactive processing of thermoplastic starch
Starch and glycerol were premixed to a homogeneous material.
he mixtures were then processed at 160 ◦C in a Haake Rheomix
00 batch mixer equipped with roller rotors at 50 rpm. Two mix-
ng times were used, 6 and 15min. A small amount of stearic acid
0.5wt%) was added as a processing agent. The processed samples
ere hot pressed at 150 ◦C into 2mm thick plates. The proportions
f the materials are given on dry weight basis.
.3. Dynamic mechanical analysis (DMA)
DMA measurements were performed on a DMA 242C Net-
sch dynamic mechanical analyzer working in the tension mode
ith 11mm between sample holders. Measurements were per-
ormed under ﬂowing air at frequency of 1Hz, with a maximum
ynamic force of 7N, amplitudes up to 16m and heating rate
f 3 ◦C/min. The samples (45×5×2mm3) were cut from the hot-
ressed molded plates.
.4. High-performance size exclusion chromatography (HPSEC)
HPSECwas carriedout at 35 ◦Caspreviouslydescribed (Carvalho
t al., 2003) in a threeUltrahydrogel column (300mm×7.8mmi.d.)
ystem. Detection was performed using a refractive index detec-
or. The eluent was 0.1M sodium nitrate adjusted to pH 11.5 with
aOH solution. The calibration standards were Pullulan (polymal-
otriose) with molar masses of 180, 738, 5800, 12,200, 23,700,
8,000, 100,000, 212,000, 380,000 and 1,600,000. The starch sam-
les were dissolved in a 1M sodium hydroxide solution by stirring
or 2h, and the resulting solutions ﬁltered through a 1m glass
ber ﬁlter.d Products 33 (2011) 152–157 153
2.5. Fourier transform infrared spectroscopy (FTIR)
Attenuated total reﬂection (ATR) infrared spectrawere recorded
in a Nicolet Nexus 470 spectrophotometer equipped with a Nico-
let Specular-ATR module, with zinc selenide crystal (45◦), 4 cm−1
resolution. Each spectrum was collected form and 64 scans.
2.6. X-ray diffraction (XDR)
The TPS samples were conditioned at 25 ◦C and 53% relative
air humidity (RH) for 30 days before the measurements. Diffrac-
tograms were recorded on a Rigaku diffractometer. Scattered
radiation was detected in the Bragg-angle (2) range of 3–40◦ at
a speed of 28◦/min. The extent of crystallinity was estimated by
the height ratio between the V-type diffraction peak at 2 =19 and
thebaseline of thediffractogramsat 2 =6.7 (Hullemanet al., 1999).
2.7. Water absorption (WA)
Prior to the measurements, samples were dried at 110±1 ◦C
for 12h and then placed in containers with relative humidity of 53
and97%, at 25 ◦C. The relative humidity environmentwas produced
with saturated solutions of Mg(NO3)2 and K2SO4, respectively, as
stipulated in ASTM E-104 (1985). The amount of water absorbed
was measured by weighing the samples until constant mass was
reached, which took at least one week.
2.8. Differential scanning calorimetry analysis (DSC)
Differential scanning calorimetry was carried out in a Shimadzu
DSC 50 calorimeter. The analyses were performed under nitrogen
ﬂowing at 20mL/min, at a heating rate of 10 ◦C/min, using around
30mg of sample in aluminum pans. Before analysis, the samples
were heated at about 180 ◦C and quenched in liquid nitrogen, to
freeze the thermoplastic starch in the amorphous state. The glass
transition temperature determined graphically as the temperature
corresponding to the midpoint in the change in caloriﬁc capacity
during transition (Tg).
3. Results and discussion
The processing of thermoplastic starch in the presence of the
organic acids, whose structures are shown in Fig. 1, was very
dependent on the organic acid concentration. As the organic acid
concentration increases, the mixtures display lower viscosity and
greater tack stickiness. This effect can be correlatedwith the reduc-
tion of molar mass since the addition of higher quantities of
plasticizers does not have a similar effect on viscosity and sticki-
ness. It was observed that the addition of either CA or AA produced
clearer mixtures than those produced without acids. However, the
mixtures with AA showed a tendency to become yellow to brown
on storage, probably due to the color of the oxidation products of
ascorbic acid.
Fig. 2 shows the FTIR spectra for TPS. The main absorp-
tion bands were observed at 3400–3450 cm−1 (hydroxyl groups),
2880–2900 cm−1 (C–H stretching) and 1150–1085 cm−1 (ether
band). Very little variation was seen among the spectra for the
samples of each composition, showing that the modiﬁcation of
properties was due to chain scission alone. If some modiﬁcation
of functional groups did occur, it was at a low extension and not
detected by FTIR. In fact, some low degree of esteriﬁcation proba-the presence of high concentrations of CA.
Theweight averagemolarmass (Mw)andnumberaveragemolar
mass (Mn) data, derived from HPSEC measurements, are presented
in Table 1. The molar mass decreases with increasing acid content
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Table 1
Data for TPS composition, time of processing, glass transition temperature determined by DMA (Tg), weight and number average molar weight (Mn and Mw), water absorption
(WA), crystallinity (Xc) and peak melting temperature (Tm), heat of fusion (Hf) and range of melt temperatures determined by DSC (Tonset and Tend).
Sample # Acid Acid content (wt%) Time (min) Tg (◦C) Mw (×10−6) Mn (×10−5) WA (%) Xc Hf (J/g) Tm (◦C) Tonset(◦C) Tend (◦C)
53%RH 97%RH
00 None – 6 92 1.64 1.41 11.6 60.0 0.80 120.8 150 140 228
01 Ascorbic 0.5 6 63 1.3 1.29 11.2 42.0 0.82 121.4 184 173 250
02 Ascorbic 1.0 6 64 1.24 1.22 11.4 61.0 0.82 113.5 189 180 240
03 Ascorbic 1.0 9 58 0.37 0.87 11.2 62.0 0.84 126.6 177 151 237
04 Ascorbic 1.0 12 49 0.34 0.76 11.5 64.0 0.80 126.2 166 165 243
05 Ascorbic 1.0 15 78 0.77 0.56 11.4 60.0 0.77 126.7 172 171 238
06 Ascorbic 1.5 6 58 0.67 0.54 11.7 66.0 0.81 109.2 175 174 249
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08 Ascorbic 3.0 6 56 0.25
09 Citric 1.0 6 58 0.19
10 Citric 2.0 6 58 0.08
nd time of processing this being responsible for the reduction in
hemelt viscosity and for the change inmacroscopic behavior, such
s the degree of apparent tack (Carvalho et al., 2005).
The water absorption (WA) experiments, presented in Table 1,
howed that neither the chemical modiﬁcation nor the presence
f the organic acids in the TPS compositions affected the water
bsorption, as usually occurs when more plasticizer, such as glyc-
rol, is added (Carvalho et al., 2002). This result showed that water
bsorption,which is a critical parameter in TPS compositions, is not
ffected by the molar mass of the starch in the plasticized material.
his result was not expected, sincewater is a plasticizer for TPS and
ts afﬁnitywith TPSwould rise as the starchmolarmass decrease, at
east in the range of molar mass studied. It was demonstrated that
he melt viscosity of TPS can be lowered by molar mass reduction,
ithout the need to add plasticizer and without changing its water
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ig. 2. FTIR spectra of the thermoplastic starch prepared by melt processing native
tarch in the presence of glycerol as plasticizer and ascorbic and citric acids.3 11.7 62.0 0.78 122.8 171 161 227
6 11.8 66.0 0.76 124.5 172 172 239
1 11.6 59.0 0.82 126.0 166 165 230
5 11.6 58.0 0.77 117.2 147 124 215
absorption properties. Note that the data for water absorption at
97% relative humidity shows more variation than at 53% RH. This
fact can be attributed to the formation of a watery phase on the
specimens, increasing the error in those measurements.
The crystallinity observed in the X-ray diffraction patterns
shown in Fig. 3 and the estimated crystallinity index (Xc) presented
in Table 1 are apparently not affected by processing conditions and
no relation between molar mass of starch and crystallinity was
evident in the range of molar mass investigated. This data shows
that the changes in the properties of TPS produced by processing
in the presence of acids are mainly caused by effects other than
crystallization after processing.
From theDSC experimentswere determined themelting transi-
tions temperatures for TPSwhich data are presented in Table 1. The
glass transition was not detected, because this transition is usually
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Fig. 3. X-ray diffraction patterns of thermoplastic starch prepared by melt process-
ing native starch in the presence of glycerol as plasticizer and ascorbic and citric
acids.
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ig. 4. (a) Melt peak temperature, Tm, plotted against number-average molar mass
Mn) and (b) 1/Tm plotted against 1/Mn.
ifﬁcult to be observed in TPS. Melting of the residual acid (153 ◦C
or CA and 192 ◦C for AA) did not affect the results, owing to its low
oncentration. The heat of fusion (Hf) determined from the DSC
ndothermic peaks for each sample is presented in Table 1. Hf
s almost the same for all samples, with a value of approximately
20 J/g. This result is in consistence with the X-ray diffraction
esults and conﬁrms the observation that the crystallinity indices
f the samples are similar and independent of the processing con-
itions and the organic acid concentration. The diffraction patterns
or all samples are similar, and can be seen in Fig. 3, which means
hat no variation in crystalline structure was produced among the
rocessed samples. Notwithstanding the heat of fusion being inde-
endent of the processing conditions and the acid concentration,
he melt temperatures (Tm, Tonset and Tend) are quite dependent on
he acid content and as a consequence on the molar mass of starch
n TPS.
Fig. 4a shows the dependence of Tm on Mn for the TPS pro-
essed under various conditions. Except for the TPS processed in
he absence of added acid (markedwith an arrow),melting temper-
ture decreases approximatelymonotonically as the averagemolar
ass (The same behavior was observed for Mw.) decreases, show-
ng a direct relation betweenMn orMw and Tm in the range ofmolar
ass investigated.
This lowering of the melting temperature as the molar mass
alls may be explained in two ways, given that the melting point
f a crystalline phase in a polymer can be normally depressed by
wo mechanisms, (i) the decrease in the size of crystallite (lamella
hickness) and (ii) thepresenceof an impurity (solvent for example)Temperature (ºC)
Fig. 5. Storage modulus (E′) and loss tangent (tan ı) of TPS samples plotted against
temperature.
(Flory, 1953). No evidence of varying crystallite size was observed
in the X-ray diffraction patterns. On the other hand, themonomeric
unit at the end of the chain can be considered different in chemical
nature from the mers along the chain and the melting point can
depend on themolarmass, as a particular case of (ii), where themer
unity at terminal chain is considered an impurity. The depression
of the melting point temperature due to the molar mass can be
predicted by Eq. (1) (Sperling, 2006).
1
Tm
− 1
T0m
= R
Hf
2M0
Mn
(1)where Tm is the actual melting temperature, T0m is the melting tem-
perature for the polymer in the pure state, which in this casemeans
a polymer of inﬁnite molar mass, R is the gas constant and 2M0/Mn
is the mole fraction of the chain ends, M0 being the molar mass of
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mig. 6. Correlation of number-averagemolarmass (Mn) and glass transition temper-
ture (Tg) for TPS samples with (a) ascorbic acid content for TPS samples processed
or 6min and (b) processing time for TPS processed in the presence of 1wt% ascorbic
cid (TPS 02, 03, 04, 05).
he terminal mer. A similar equation can be used to describe the
epression of the melting point by the addition of a diluent, such as
lycerol in TPS (Flory, 1949, 1953). The effect of diluents was here
ept constant, as the glycerol content was maintained constant at
0% by weight in all the TPS mixtures.
Fig. 4b shows the dependence of 1/Tm on 1/Mn. Taking Hf as
nvariable, Eq. (1) foreseen a linear relation were the intercept at
/Tm axis corresponds to 1/T0m. The experimental data shows that
q. (1) works reasonably well, except for TPS00 which, as already
bserved, shows a distinct behavior from the modiﬁed TPS. The
alue of T0m estimated by the intercept is 465K (192
◦C).
The unmodiﬁed TPS (TPS-00) which had the highest molar mass
howed a behavior that diverged from that widely observed in
he acid-modiﬁed starch, whose Tm was related to Mn by a mono-
onic curve. One possible reason for this could be the fact that the
rystalline structure of unmodiﬁed TPS is mainly due to the amy-
opectin fraction in which crystallization occurs between adjacent
chains (Robin et al., 1974). With the extensive chain breaking due
o hydrolysis, this kind of crystal structure which size is limited by
he amylopectin structure is no longer formed and the crystalliza-
ion of TPS is dominated by the free chains cleaved during starch
ydrolysis. This result leads to the conclusion that the amylopectin
endrimer structure (Matheson and Caldwell, 1999) is probably
estroyed by acid hydrolysis, leading to more linear structures that
rystallize in a similar way to linear synthetic polymers.
Fig. 5a and b shows the variation of the logarithm of the storage
odulus (E′) and tan ı with temperature, respectively. The storage
odulus curve for TPS reveals two thermal relaxations, a lowd Products 33 (2011) 152–157
temperature transition between −60 and −50 ◦C, attributed to the
glycerol-rich phase (Averous and Bouquillon, 2004; Forssel et al.,
1997) and a second transition occurring above room temperature,
related to the starch-rich phase and corresponding to the glass
transition temperature of TPS. As TPS is a semicrystalline polymer,
beyond the glass transition temperature, a plateau can be seen,
where the modulus decreases slowing, due to the presence of the
plasticizer. Above the melting temperature there is the onset of the
viscous regime and themodulus drops, hindering itsmeasurement.
In general, the modulus versus temperature proﬁles are similar
among the samples with similar behavior even beyond the glass
transition. This occurs because the plateau beyond Tg of semi-
crystalline polymers depends on the crystallinity index which was
similar for all samples. This result also shows that crystallinity
is more determinant in establishing the plateau beyond Tg than
molar mass, for TPS. Two reasons can be suggested for this: (i) the
molar mass (even after hydrolysis) is sufﬁciently high to make the
TPS rubbery plateau independent of Mw and Mn, and (b) the high
polarity of TPS makes it a highly cohesive material, where motion
in the rubbery state is limited.
Fig. 6a and b shows the relationship between the acid content
and the processing time, respectively with both Mn and Tg. (The
relation with Mw was similar to that observed with Mn.)
Observing the materials processed for a ﬁxed time of 6min
(Fig. 6a), it is possible to see that as the acid content increases Mn
decreases. Fig. 6b shows that Mn falls with processing time up to
12min, but thenshowsanunexpected increase. Thisbehavior could
indicate that after 12min of processing other processes take place,
such as reaction between two or more chains, loss of water due to
its evaporation and a reduction in the rate of hydrolysis by the drop
in water concentration during processing.
4. Conclusions
In the present study, thermoplastic starch was melt processed
in a batch mixer at 160 ◦C in the presence of low concentrations of
ascorbic acid and citric acid, 30% glycerol as plasticizer and water
at 20wt% with respect to the starch. The samples were character-
ized by high-performance size exclusion chromatography, Fourier
transform infrared spectroscopy, differential scanning calorimetry,
X-ray diffraction, water absorption and dynamic mechanical anal-
ysis. A sharp change in TPS processing properties was observed
when TPS was processed in the presence of the acids. The material
showed a very low viscosity and high tack. It was demonstrated
that melt viscosity properties of TPS can be altered by molar mass
reduction, without the need to add more plasticizer and without
changing its water absorption properties. Neither the X-ray pat-
tern nor the crystallinity index was affected by processing in the
presence of the acids and no relation was observed between these
characteristics and molar mass. This result was corroborated by
DSC measurements, since no variation of the heat of fusion Hf
(∼120 J/g for all samples) was observed with the varying molar
mass of the samples. By contrast, themelt temperature, Tm, showed
a dependence on molar mass, which was explained by the pres-
ence of end-mer units at the ends of the starch chains, which differ
from the mers that constitute the chains and act as if diluting the
TPS. In the absence of acids TPS showed a distinct behavior. This
work demonstrated that it is possible to change several properties
of TPS, such as the melting temperature and processing character-
istics, without changing fundamental properties that are critical for
TPS, such as water absorption and glass transition temperature.Acknowledgments
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